Wnt5a/β-Catenin Signaling Drives Calcium-Induced Differentiation of Human Primary Keratinocytes  by Popp, Tanja et al.
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Thomas Gudermann3, Christian Weber1 and Christian Ries1
It is well established that a gradient of extracellular calcium within the epidermis regulates the differentiation of
keratinocytes. However, the molecular mechanisms implicated in this process are not fully understood. RNA
interference of the calcium-sensing receptor (CaSR) showed that CaSR is essential in calcium-induced
differentiation of normal human epidermal keratinocytes (NHEKs) by increasing the levels of free intracellular
calcium, which upregulates the expression of Wnt5a but not Wnt3a, Wnt4, and Dkk-1 in the cells. Subsequently,
autocrine Wnt5a promotes the differentiation of NHEKs, determined by increased biosynthesis of keratin-1 and
loricrin, whereas proliferation is suppressed. Addition of both Wnt5a and calcium to NHEKs activated the Wnt/b-
catenin signaling pathway as indicated by (i) increased stability of b-catenin in the cells, (ii) enhanced b-catenin
transcriptional activity, demonstrated by a luciferase-based b-catenin-activated reporter assay, and (iii) augmented
Wnt/b-catenin target gene expression. NHEKs depleted for b-catenin had a significantly reduced susceptibility to
calcium-induced differentiation. Knockdown of axin 2, an antagonist of b-catenin stability, enhanced the
biosynthesis of keratin-1 and loricrin in the cells. Our findings establish a directional crosstalk between CaSR
and Wnt/b-catenin signaling in keratinocyte differentiation via Wnt5a that acts as an autocrine stimulus in this
process.
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INTRODUCTION
Immature keratinocytes present in the basal layer of the
epidermis proliferate and migrate to the outermost layer of
the skin where they replace fully differentiated keratinocytes
(Watt and Jensen, 2009). The differentiation of keratinocytes
in vivo is largely controlled by a gradient of calcium ions
present in the epidermis with low levels of calcium (Ca2þ )
in the basal cell layer comprised of immature keratinocytes,
and high levels of Ca2þ in the outer cell layer representing
terminally differentiated keratinocytes. The progression
of keratinocyte maturation is tightly regulated and charac-
terized by increased expression of differentiation marker
proteins such as keratin-1 during early phases and loricrin
during later stages of maturation in these cells (Candi et al.,
2005). Dysregulation of the complex differentiation program
in keratinocytes can contribute to several pathophysiologies,
such as skin cancer and psoriasis (Proksch et al., 2008; Ambler
and Maatta, 2009).
The calcium-sensing receptor (CaSR), belonging to family C
of protein G-coupled receptors, responds to changes in levels
of extracellular calcium concentration (ex[Ca
2þ ]) as demon-
strated in various cell and tissue types from brain, kidney,
bone, and skin (Brown, 1991; Bouschet and Henley, 2005;
Sharan et al., 2008; Tu et al., 2012). In keratinocytes, CaSR has
an essential role in Ca2þ -induced differentiation (Bikle et al.,
2012). Upon binding of Ca2þ to the extracellular domain of
CaSR, the level of free intracellular calcium concentra-
tion (in[Ca
2þ ]) is increased by the release of Ca2þ from
intracellular storages such as the endoplasmatic reticulum
(Tu et al., 2007). This is accompanied by activation of
various signaling molecules and pathways including phos-
pholipase C and protein kinase C contributing to the
differentiation process in keratinocytes (Tu et al., 2008; Bikle
et al., 2012). The underlying molecular networks, however, are
not fully understood.
The canonical Wnt/b-catenin signaling pathway regulates
fundamental aspects of development including proliferation,
survival, and cell-fate specification (Reya and Clevers, 2005).
In the absence of Wnt ligands, cytoplasmatic b-catenin is
constantly degraded by the activity of the axin complex
(MacDonald et al., 2009). Binding of Wnt ligands such as
Wnt3a and Wnt5a to specific receptors enables activation of
the Wnt/b-catenin pathway characterized by stabilization of
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cytoplasmic b-catenin (Yamamoto et al., 2006; Kikuchi et al.,
2009). In the absence of the axin degradation complex, b-
catenin is translocated into the nucleus where it interacts with
lymphoid-enhancer-binding factor-1/T-cell factor-1 (LEF/TCF)
transcription factors, resulting in the transcription of target
genes such as cyclin D1 (Shtutman et al., 1999; MacDonald
et al., 2009). Little is known about the implication of the Wnt/
b-catenin pathway activity in Ca2þ -induced differentiation of
keratinocytes.
The findings of our present study in human primary kera-
tinocytes reveal a regulatory network in which Wnt5a expres-
sion is induced in the cells upon stimulation of CaSR with
extracellular Ca2þ . Autocrine Wnt5a then increases b-catenin
signaling activity and thereby promotes the differentiation of
the keratinocytes.
RESULTS
Importance of CaSR in Ca2þ -induced differentiation of
keratinocytes
The Ca2þ -induced differentiation of normal human epidermal
keratinocytes (NHEKs) was examined by analysis of differen-
tiation marker expression of keratin-1 and loricrin using
quantitative real-time reverse-transcriptase–PCR (qRT–PCR)
and immunoblotting. In comparison to NHEKs grown at
0.1 mM (low) ex[Ca
2þ ], incubation of the cells with 2.0 mM
(high) ex[Ca
2þ ] led to a significant upregulation of the
expression of keratin-1 and loricrin on both mRNA and
protein level (Figure 1a), indicating that differentiation of the
cells had occurred. To investigate the implication of the
CaSR in high ex[Ca
2þ ]-induced differentiation, we analyzed
the effect of decreasing CaSR biosynthesis in these cells, using
small interfering RNA (siRNA)-mediated knockdown
(Supplementary Figure S1 online). NHEKs transfected with
siRNA directed against CaSR and treated with high ex[Ca
2þ ]
were unable for keratin-1 biosynthesis and showed a massive
downregulation of loricrin expression compared with cells
treated with control siRNA (Figure 1b). Furthermore, we
transfected cells with the aequorin-encoding plasmid G5a to
analyze changes in intracellular calcium signaling of kerati-
nocytes during differentiation. G5a-NHEKs co-transfected
with control siRNA, immediately after exposure to high
ex[Ca
2þ ] showed a 10-fold elevation of in[Ca
2þ ] followed
by a rapid decline and sustained increase of in[Ca
2þ ]
compared with cells incubated in low ex[Ca
2þ ] (Figure 1c).
In CaSR-depleted G5a-NHEKs, both the ex[Ca
2þ ]-induced
initial peak and the sustained increase of in[Ca
2þ ] were
significantly reduced (Figure 1c). Together, these findings
clearly demonstrate that CaSR is a receptor for extracellular
Ca2þ in differentiating NHEKs and has an important role in
the regulation of in[Ca
2þ ] in these cells.
Implication of Wnt5a in keratinocyte differentiation and
proliferation
Next, we studied whether elevated ex[Ca
2þ ] had an influence
on the expression of molecules known to regulate Wnt/b-
catenin signaling activity. Incubation of NHEKs with high
ex[Ca
2þ ] did not induce or affect the transcription of Wnt3a
(not detectable), Wnt4, and Dkk-1 in these cells, but caused a
robust increase in Wnt5a mRNA expression (B3-fold) and
protein secretion (B3-fold) when compared with cells grown
at low ex[Ca
2þ ] (Figure 2a). The high ex[Ca
2þ ]-induced
upregulation of Wnt5a in NHEKs was clearly blocked upon
depletion of the cells for the expression of CaSR by transfec-
tion with siRNA directed against CaSR (Figure 2b). These data
indicate that exposure of NHEKs to elevated ex[Ca
2þ ] speci-
fically stimulates the biosynthesis and release of Wnt5a
dependent on CaSR activity. Basal production of CaSR in
NHEKs was not affected by treatment of the cells with Wnt5a
as demonstrated by immunoblotting analysis (Figure 2c),
suggesting that CaSR expression is regulated independent of
Wnt5a signaling activity in keratinocytes.
In order to elucidate whether Wnt5a is an effector in
keratinocyte differentiation, NHEKs were treated with different
concentrations of Wnt5a. When Wnt5a was added to NHEKs,
the mRNA expression of keratin-1 and loricrin was signifi-
cantly upregulated in cells cultivated at low ex[Ca
2þ ] and high
ex[Ca
2þ ], as quantified by qRT–PCR (Figure 3a), whereas
Wnt3a and Dkk-1 had no effects (Supplementary Figure S2
online). Consistently, exposure of NHEKs to Wnt5a strongly
enhanced the biosynthesis of keratin-1 and loricrin at both low
ex[Ca
2þ ] and high ex[Ca
2þ ] cultivation conditions, as deter-
mined by immunoblotting analysis (Figure 3b). Moreover,
knockdown of endogenous Wnt5a in NHEKs (Supplementary
Figure S3 online) caused a massive decline in basal expression
of keratin-1 and loricrin on both mRNA and protein level, but
had no effect in cells grown in high ex[Ca
2þ ] (Figure 3c).
These findings indicate that Wnt5a is an autocrine and
paracrine stimulus of keratinocyte differentiation, although
autocrine Wnt5a in the presence of 2 mM Ca2þ appears not to
be essential in this process.
Next, we examined whether Wnt5a affects proliferation in
keratinocytes. NHEKs incubated with increasing concentra-
tions of Wnt5a for up to 5 days showed a dose-dependent
reduction in cell division rates as determined by BrdU
incorporation measurement (Figure 3d), suggesting that Wnt5a
is a suppressor of keratinocyte proliferation.
Role of b-catenin in Wnt5a/high ex[Ca
2þ ]-modulated
keratinocyte differentiation
The Wnt/b-catenin pathway is closely associated with the
growth and development of various stem/progenitor cells
(Reya and Clevers, 2005). Thus, we hypothesized that this
pathway is implicated in keratinocyte differentiation. The
activation of the Wnt/b-catenin pathway is characterized
by (i) the stabilization of cytoplasmatic b-catenin, (ii) the
interaction of b-catenin with LEF/TCF transcription factors in
the nucleus, and (iii) the increased expression of b-catenin
target genes. Therefore, we investigated each of these features
experimentally. Immunoblotting analysis demonstrated that
b-catenin protein levels were elevated in NHEKs treated with
exogenous Wnt5a compared with control cells (Figure 4a).
Similarly, b-catenin was increased when NHEKs were culti-
vated at high ex[Ca
2þ ] conditions (Figure 4a). Moreover,
we used a Gaussia luciferase-based reporter system to
examine the activation of b-catenin target gene promoters.
The b-catenin-activated reporter (BAR) system can be used to
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specifically monitor b-catenin activity on LEF/TCF-dependent
gene transcription. NHEKs transfected with the BAR system
were treated with Wnt5a and high ex[Ca
2þ ] for 24 hours.
These studies revealed that b-catenin reporter activity was
significantly upregulated in NHEKs incubated with Wnt5a and
high ex[Ca
2þ ] relative to control cells (Figure 4b). To confirm
the stimulatory effect of Wnt5a and high ex[Ca
2þ ] on
b-catenin-dependent signaling in NHEKs, we performed
qRT–PCR analysis of the Wnt/b-catenin target gene cyclin
D1, which contains LEF/TCF-binding sites in its promoter
region (Shtutman et al., 1999). NHEKs treated with Wnt5a and
high ex[Ca
2þ ] for 24 hours showed a clear upregulation of the
basal transcription of cyclin D1 (Figure 4c). Taken together,
these results provide evidence that Wnt5a and high ex[Ca
2þ ]
positively regulate Wnt/b-catenin activity in NHEKs.
To investigate the involvement of the b-catenin pathway in
keratinocyte differentiation, we blocked the biosynthesis of
b-catenin in NHEKs using siRNA-mediated knockdown. The
b-catenin-depleted NHEKs showed a significant decrease in
b-catenin transcription, protein production, and target gene
expression (Supplementary Figure S4 online), indicating the
efficacy of the knockdown. On day 1 and day 4 after
treatment with high ex[Ca
2þ ], b-catenin-deficient NHEKs
demonstrated a significant decrease in susceptibility to high
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Figure 1. Role of calcium-sensing receptor (CaSR) in calcium-induced differentiation of keratinocytes. (a) Normal human epidermal keratinocytes (NHEKs)
were incubated in medium containing 0.1 mM Ca2þ (low Ca2þ ) and 2.0 mM Ca2þ (high Ca2þ ). After 4 days, transcription levels of the differentiation markers
keratin-1 and loricrin were determined using quantitative real-time reverse-transcriptase–PCR (qRT–PCR). The values were normalized to cyclophilin B mRNA.
The results are given as the percentage of change in mRNA expression relative to cells grown at low extracellular calcium concentration (ex[Ca
2þ ]) set as 100%.
Values represent the mean±SD of triplicate measurements (n¼3), **Po0.01, ***Po0.001. After 4 days, protein levels of keratin-1 and loricrin were analyzed in
cell extracts by immunoblotting. Cellular b-actin was used as a loading control. (b) NHEKs were transfected with small interfering RNA (siRNA) targeting
CaSR (KD) or control siRNA (NC). After 4 days, mRNA expression of keratin-1 and loricrin was analyzed using qRT–PCR. The values were normalized to
cyclophilin B mRNA. Results are given as mean±SD of triplicate measurements (n¼3), *Po0.05. After 4 days of incubation, protein levels of keratin-1 and
loricrin present in cell extracts were determined by western blotting. b-Actin served as a loading control. (c) Measurement of intracellular calcium signals in
G5a-NHEKs transfected with siRNA targeting CaSR (KD) or control siRNA (NC). After 5 seconds, 0.1 mM Ca2þ (low Ca2þ ) and 2.0 mM Ca2þ (high Ca2þ ) were
added to the cells. Responses were normalized by defining the first value measured (1 second) as 100%. Results are expressed as the mean±SD of three
independent experiments (n¼ 3) performed in sextuplicates.
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ex[Ca
2þ ]-mediated upregulation of keratin-1 and loricrin
mRNA expression to about the half of the level compared
with control cells as determined by qRT–PCR (Figure 4d). In
agreement with these data, elevated protein levels of keratin-1
and loricrin in high ex[Ca
2þ ]-stimulated NHEKs were dimin-
ished and almost abrogated, respectively, 4 days after knock-
down of b-catenin in these cells (Figure 4e). To approve
these findings, we increased the intracellular stability of b-
catenin in NHEKs by siRNA-mediated knockdown of axin 2, a
cytoplasmatic protein that has a key role in the degradation
and activity of b-catenin (Behrens et al., 1998). Measurement
of increased levels of a b-catenin target gene, cyclin D1,
confirmed that the axin 2 knockdown in NHEKs was
functional (Supplementary Figure S5 online). The axin
2-depleted NHEKs showed a clear upregulation of keratin-1
and loricrin transcription compared with control cells
(Figure 4f). On protein level, axin 2 depletion in NHEKs
caused a slight augmentation of keratin-1 (1.5-fold) but a
massive increase in biosynthesis of loricrin (32-fold)
(Figure 4g). Together, these findings provide evidence that
b-catenin signaling activity has a crucial role in high ex[Ca
2þ ]-
stimulated differentiation of keratinocytes. In contrast, the cell
division rates of high ex[Ca
2þ ]-stimulated NHEKs were not
affected by knockdown of b-catenin and axin 2 (Figure 4h),
indicating that b-catenin activity is not essential in calcium-
regulated proliferation of keratinocytes.
DISCUSSION
Our current study describes a mechanism in which CaSR
regulates calcium-induced differentiation of primary human
keratinocytes through activation of the canonical Wnt/b-
catenin signaling pathway. The knockdown of CaSR expres-
sion in NHEKs significantly attenuated the ability of high
ex[Ca
2þ ] to rise in[Ca
2þ ] and induce differentiation of the
cells, indicating that CaSR is a promoter of these processes.
These findings are in accordance with previous data reported
by Bikle and colleagues demonstrating that blockage of CaSR
inhibits Ca2þ -induced keratinocyte differentiation in vitro and
in vivo (Tu et al., 2001, 2012). High ex[Ca
2þ ]-stimulated
NHEKs showed a two-phase response with a rapid increase of
in[Ca
2þ ] followed by a subsequent decay and sustained
elevation of in[Ca
2þ ], which is characteristic to signals
produced by protein G(q)-coupled receptors located in
plasma membranes (Fang et al., 2007). This indicates that
outside-in signaling through CaSR is essential in Ca2þ -
induced differentiation of keratinocytes.
Because Wnt signaling regulates numerous developmental
pathways in various tissues and cell types (Clevers and Nusse,
2012), we hypothesized that Wnts may be involved in the
regulation of Ca2þ -induced differentiation of keratinocytes.
Our studies demonstrated that activation of CaSR in NHEKs
specifically augments biosynthesis and secretion of Wnt5a,
which then promotes differentiation and inhibits proliferation
of the cells in an autocrine fashion. Consistent with our find-
ings, high ex[Ca
2þ ] stimulation of CaSR induces expression of
Wnt5a in adenocarcinoma cells (MacLeod et al., 2007), and
Wnt5a inhibits proliferation in melanocytes (Zhang et al.,
2013). Because Wnt5a is a primary ligand of the non-
canonical Wnt/Ca2þ pathway triggering the mobilization of
free intracellular Ca2þ (Slusarski et al., 1997; Kikuchi et al.,
2012), it can be speculated that the upregulation of Wnt5a
expression in high ex[Ca
2þ ]-stimulated keratinocytes may
contribute to the sustained increase of in[Ca
2þ ] in these
cells. A possible mechanism for upregulation of Wnt5a in
keratinocytes may involve protein kinase C activity, which is
augmented in differentiating keratinocytes (Bikle et al., 2012)
and shown to promote Wnt5a transcription in cancer cells
(Jonsson et al., 1998).
Our studies revealed that exogenous application of Wnt5a
enhances the stability and promoter activity of b-catenin in
NHEKs, demonstrating that Wnt5a is a positive regulator of
b-catenin-dependent signaling in keratinocytes. This is in
agreement with previous reports showing that Wnt5a can
activate and repress b-catenin pathway activity depending on
cell types and receptor context (Mikels and Nusse, 2006; van
Amerongen et al., 2012). Recently, Wnt5a activation of b-
catenin signaling was demonstrated to depend on interaction
of Wnt5a with certain combinations of specific Frizzled
receptors and LRP5 or LRP6 coreceptors on the cell surface
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Figure 2. Impact of high extracellular calcium concentration (ex[Ca
2þ ]) on
the expression of effector molecules of the Wnt/b-catenin pathway and
correlation between Wnt5a and calcium-sensing receptor (CaSR). (a) Normal
human epidermal keratinocytes (NHEKs) were incubated in medium
containing 0.1 mM Ca2þ (low Ca2þ ) and 2.0mM Ca2þ (high Ca2þ ). After 1
day of incubation, the mRNA expression of Wnt3a, Wnt4, Wnt5a, and Dkk-1
was quantified by quantitative real-time reverse-transcriptase–PCR (qRT–PCR).
The values were normalized to cyclophilin B mRNA. Results are given as the
percentage of change in mRNA expression relative to cells grown at low
ex[Ca
2þ ] set as 100%. Values represent the mean±SD of one triplicate
experiment from two independent measurements. **Po0.01. Protein
expression of Wnt5a was examined by immunoblotting analysis of aliquots
taken from 5-day culture supernatants. Equal amounts of total protein were
applied in each lane. For densitometric quantification, Wnt5a release from
control cells treated with low ex[Ca
2þ ] was set as 100% densitometric units
(DU). (b) Immunoblotting analysis of Wnt5a in culture supernatants obtained
from NHEKs transfected with small interfering RNA (siRNA) targeting CaSR
(KD) or control siRNA (NC) on day 5 after incubation in high ex[Ca
2þ ]. For
densitometric quantification, Wnt5a release from cells transfected with control
siRNA was set as 100% DU. (c) Immunoblotting analysis of CaSR expression in
extracts from NHEKs incubated for 5 days without (NC) and with 250 ng ml1
Wnt5a. Cellular b-actin was used as a loading control.
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(Ring et al., 2013). Similar to Wnt5a, high ex[Ca
2þ ] increased
the stability and promoter activity of b-catenin in NHEKs,
suggesting that Wnt5a activation of the b-catenin pathway is
involved in keratinocyte differentiation. Indeed, NHEKs
depleted for b-catenin expression showed a reduced ability
for high ex[Ca
2þ ]-induced differentiation, and the knockdown
of axin 2, an endogenous antagonist of b-catenin activity,
promoted differentiation of NHEKs, confirming the importance
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Figure 3. Influence of Wnt5a in keratinocyte differentiation and proliferation. (a, b) Normal human epidermal keratinocytes (NHEKs) were incubated in
medium containing 0.1 mM Ca2þ (low Ca2þ ) and 2.0mM Ca2þ (high Ca2þ ) as well as 0, 50, or 250 ng ml1 of recombinant Wnt5a. After 4 days, expression of
keratin-1 and loricrin were determined on mRNA level by quantitative real-time reverse-transcriptase–PCR (qRT–PCR) (a) and on protein level by immunoblotting
of aliquots from cell extracts (b). qRT–PCR values were normalized to cyclophilin B mRNA and are given as the percentage of change in mRNA expression relative
to cells grown at low extracellular calcium concentration (ex[Ca
2þ ]) set as 100%. The detection of b-actin in the cell lysates served as a control. (c) NHEKs
transfected with siRNA against Wnt5a (KD) or control small interfering RNA (siRNA) (NC) were incubated in medium containing low and high ex[Ca
2þ ]. After
4 days, the cells were analyzed for the expression of keratin-1 and loricrin using qRT–PCR and immunoblotting. For densitometric quantification, the amounts
of keratin-1 and loricrin present in control cells were set as 100%. (d) Quantification of NHEKs at 1 and 5 days after incubation in low ex[Ca
2þ ] without (set as
100%) and with different concentrations of Wnt5a using the BrdU proliferation assay. (a, c, d) Results are given as mean values±SD of triplicate measurements
(n¼ 3), *Po0.05, **Po0.01, ***Po0.001.
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of the b-catenin pathway in this process. Our data are
consistent with previous in vivo results, indicating that
Wnt5a expression and b-catenin activity positively correlate
with epithelial regeneration in a murine wound model
(Fathke et al., 2006). In a recent work, it has been reported
that Wnt5a mobilizes intracellular Ca2þ followed by b-catenin
translocation into the nucleus in various tumor cells
(Thrasivoulou et al., 2013), which is in line with our data in
keratinocytes. Even though our findings demonstrate a key role
of Wnt5a/b-catenin activity in keratinocyte differentiation,
additional pathways including non-canonical Wnt signaling
are clearly involved in proliferation and differentiation of these
cells (Teh et al., 2007).
In conclusion, our studies revealed that Wnt5a/b-catenin
signaling regulates Ca2þ -induced differentiation of keratino-
cytes. Binding of Ca2þ to CaSR on the cell surface elevates
free intracellular Ca2þ and upregulates the expression and
secretion of Wnt5a in these cells. Wnt5a then acts as an
autocrine stimulus by increasing b-catenin stability and
signaling activity that promotes keratinocyte differentiation
(Figure 5). Importantly, our results show that application of
Wnt5a to the cells and stimulation of b-catenin activity
accelerates differentiation of keratinocytes. A deeper knowl-
edge of this regulatory network may improve the development
of novel therapeutic approaches to enhance epidermal regen-
eration in degenerative skin diseases.
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2þ ] set as 100%. (c) After 5 days of cultivation,
the transcription level of a Wnt/b-catenin target gene, cyclin D1, was analyzed in the cells using quantitative real-time reverse-transcriptase–PCR (qRT–PCR). The
values were normalized to cyclophilin B mRNA. The results represent the percentage of change in mRNA expression relative to cells grown without exogenous
Wnt5a and at low ex[Ca
2þ ] set as 100%. (d, e) NHEKs were transfected with small interfering RNA (siRNA) against b-catenin (KD) or control siRNA (NC) and
incubated in medium containing high ex[Ca
2þ ]. (d) After 1 and 4 days, the relative transcription levels of keratin-1 and loricrin were determined using qRT–PCR
(value obtained in cells grown at low ex[Ca
2þ ] was set as 1). The values were normalized to cyclophilin B mRNA. (e) After 4 days, the protein levels of keratin-1
and loricrin were analyzed using western blotting. For densitometric quantification, the amount of protein present in the control cells (NC) were set as 100%.
b-Actin was used as a loading control. (f, g) NHEKs were transfected with siRNA against axin 2 (KD) or control siRNA (NC) and cultivated at low ex[Ca
2þ ]. (f) After
4 days, relative mRNA expression of keratin-1 and loricrin was determined using qRT–PCR (the NC was set as 100%). Values were normalized to cyclophilin B
mRNA. (g) After 4 days, protein levels of keratin-1 and loricrin were analyzed using immunoblotting. For densitometry, the amount of protein present in
control cells (NC) was set as 100%. b-Actin was used as a loading control. (h) NHEKs were transfected with control siRNA (NC) and siRNA against b-catenin and
axin 2. After cultivation at high ex[Ca
2þ ] for 5 days, cell proliferation was determined using the water-soluble tetrazolium salt-8 (WST-8) assay. (b, c, d, f, h)
Data shown are given as mean values±SD of triplicate measurements (n¼ 3). *Po0.05, **Po0.01, ***Po0.001.
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MATERIALS AND METHODS
Cultivation of primary keratinocytes
Primary NHEKs isolated from foreskin were purchased from Promo-
cell (Heidelberg, Germany). Cells from different donors were grown
in serum-free keratinocyte growth medium containing 0.1 mM CaCl2
(low calcium conditions) (Promocell) and maintained at 37 1C in a
humidified air atmosphere in the presence of 5% CO2.
Differentiation of NHEKs by elevated calcium concentration
For studies of NHEKs differentiation, the ex[Ca
2þ ] in the medium was
increased from 0.1 mM Ca2þ (low ex[Ca
2þ ]) to 2.0 mM Ca2þ (high
ex[Ca
2þ ]) in which cells were incubated for 1–6 days, as previously
described by others (Hennings et al., 1980; Pillai et al., 1990). NHEKs
were then analyzed for upregulation of keratin-1 and loricrin, i.e.,
markers characteristically expressed in mature keratinocytes as
determined by qRT–PCR and western blot analysis.
Quantitative real-time reverse-transcriptase–PCR
mRNA expression of specific genes in the cells was determined by
qRT–PCR according to a protocol described previously (Ries et al.,
2007). Briefly, isolation of total RNA from cells was accomplished
using the RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA
synthesis was performed following the instructions of QuantiTect
Reverse Transcription Kit (Qiagen). qRT–PCR was carried out
on a LightCycler (Roche Applied Science, Mannheim, Germany)
using LightCycler-FastStart DNA Master SYBR Green I Kit (Roche
Applied Science). For amplification of specific transcripts, LightCycler
primer sets for keratin-1, loricrin, Wnt5a, b-catenin, cyclin D1, and
cyclophilin B as a housekeeping gene standard were applied accord-
ing to the manufacturer’s instructions (Search LC, Heidelberg,
Germany).
Immunoblotting analysis
Protein extraction from NHEKs, SDS-PAGE, and western blotting was
performed as previously described (Popp et al., 2011). Equal amounts
of protein were loaded per lane. The blotted membranes were
incubated overnight with polyclonal antibodies against keratin-1
(1:1,000), loricrin (1:1,000) (both from Covance Research Products,
Denver, PA), CaSR (1:750) (Alomone Labs, Jerusalem, Israel), and b-
actin (1:100,000) (Abcam, Cambridge, UK), as well as with
monoclonal antibodies against Wnt5a (1:750) (R&D Systems,
Minneapolis, MN), and b-catenin (1:2,000) (Cell Signaling
Technology, Beverly, MA) diluted in Tris-buffered saline containing
0.1% Tween-20 (Tris-buffered saline-Tween-buffer) containing 5%
BSA. The membranes were washed in Tris-buffered saline-Tween-
buffer and then incubated with anti-rabbit IgG or anti-mouse IgG
(Cell Signaling Technology) conjugated with peroxidase as secondary
antibodies at a dilution of 1:2,000 in Tris-buffered saline-Tween for
30 minutes. Bound antibodies were detected using the enhanced
chemiluminescence system (GE Healthcare Life Sciences, Freiburg,
Germany). Recombinant protein standards (Invitrogen, Karlsruhe,
Germany) were used for molecular mass determination.
Cell proliferation assays
Cell proliferation was analyzed by use of the water-soluble tetra-
zolium salt-8 assay (Dojindo Molecular Technologies, Rockville, MD)
and a colorimetric BrdU ELISA kit (Roche Diagnostics, Mannheim,
Germany).
For the water-soluble tetrazolium salt-8 assay, cells were
incubated in fresh medium containing the water-soluble tetrazolium
salt-8 reagent according to the manufacturer’s protocol. After
1 hour of incubation at 37 1C in a humidified air atmosphere in the
presence of 5% CO2, samples of the supernatant were taken and
analyzed for the formation of the formazan products by measurement
at 450 nm.
For the BrdU assay, cells were grown on a 96-well plate and
labeled with BrdU according to the manufacturer’s protocol.
Briefly, BrdU was added at a final dilution of 1:1,000 to the cell
cultures. After further cultivation for 20 hours at 37 1C in a humidified
atmosphere containing 5% CO2, cells were fixed and incubated for
90 minutes with an antibody against BrdU labeled with peroxidase
followed by substrate addition and quantification of incorporated
BrdU by measuring the absorbance at 370 nm.
Transfection of NHEKs with siRNA
RNA interference technology was used to generate specific knock-
downs (KDs) of CaSR, Wnt5a, b-catenin, and axin 2 expression in
NHEKs. The specific siRNA oligonucleotides and a non-specific
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in[Ca]2+
CaSR
Wnt5a
Fz LRP5/6
LEF/TCFWnt5a Cyclin D1
Axin 2
Keratin-1
Loricrin
Keratinocyte differentiation
β-Catenin
β-Catenin
Cytoplasm
Nucleus
Figure 5. Proposed model for the role of Wnt5a/b-catenin signaling in
calcium-induced differentiation of keratinocytes. Elevated levels of
extracellular calcium concentration (ex[Ca]
2þ ) stimulate intracellular signaling
through binding to calcium-sensing receptor (CaSR). This leads to an increase
in free intracellular calcium (in[Ca]
2þ ) by its release from stores such as the
endoplasmatic reticulum. As a consequence, the expression and secretion of
Wnt5a are upregulated. Wnt5a then binds to members of the Frizzled (Fz)
family of receptors and low-density lipoprotein receptor-related protein (LRP)
5/6 on the cell surface, thus activating the canonical Wnt/b-catenin signaling
pathway through augmentation of b-catenin in the cells. Improved interaction
of nuclear b-catenin with lymphoid-enhancer-binding factor-1/T-cell factor-1
(LEF/TCF) transcription factors then leads to the upregulation of typical target
genes such as cyclin D1. Simultaneously, the expression of keratin-1 and
loricrin are enhanced, promoting the differentiation of the keratinocytes.
Blockage of axin 2, a negative feedback regulator of b-catenin stability, also
promotes the production of keratin-1 and loricrin in the cells, confirming the
relevance of the Wnt/b-catenin pathway in keratinocyte differentiation.
Autocrine Wnt5a is important but not essential in calcium-regulated
differentiation of keratinocytes through b-catenin signaling.
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siRNA with no target in the human transcriptome (used as a negative
control) were purchased from Qiagen. One day before transfection,
NHEKs were plated at 2 105 cells per well into 12-well dishes.
siRNA at a final concentration of 35 nM was combined with 4ml
Lipofectamine 2000 (Invitrogen) in a total volume of 125ml DMEM
and allowed to complex by incubation for 20 minutes at room
temperature. The transfection mixture was then applied to the NHEKs
and incubated for 6 hours at 37 1C in a humidified atmosphere
containing 5% CO2. Subsequently, cells were washed with PBS and
subjected to the specific experiments.
Transcription-based reporter assay of Wnt/b-catenin signaling
The activity of the Wnt/b-catenin signaling pathway, which finally
results in the LEF/TCF-dependent regulation of target gene transcrip-
tion, was monitored in NHEKs using a reporter assay. This assay was
based on the BAR, which contains multimerized LEF/TCF DNA-
binding sites (Biechele et al., 2009). We used the modified BAR,
which carries the Gaussia luciferase as reporter gene to allow the
detection of the reporter in the supernatant; after its transcription is
activated by b-catenin, Gaussia luciferase is secreted from the cells.
Twenty four hours after transfection of NHEKs with the BAR plasmid,
the cells were used for the stimulation and/or knockdown
experiments. Conditioned medium was collected after the indicated
time intervals and analyzed for the presence of reporter protein, using
the Gaussia luciferase assay kit (New England Biolabs, Ipswich, MA)
according to the manufacturer’s protocol. The light intensity was
determined using a plate-reading luminometer (Tecan, Maennedorf,
Switzerland).
Aequorin-based Ca2þ measurements
NHEKs were electroporated with the calcium-sensing aequorin-eGFP
plasmid G5a, using the Neon Transfection System (Life Technologies,
Darmstadt, Germany) (Baubet et al., 2000; Solinski et al., 2013).
Twenty four hours after transfection, cells were labeled with the
aequorin substrate coelenterazine H (5mM) in 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid–buffered saline
(HEPES buffered saline; 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid, 5 mM KCl, 1 mM MgCl2, 140 mM NaCl, and
0.1% glucose adjusted to pH 7.4 with 1 M NaOH) supplemented with
0.1 mM CaCl2 for 15 minutes at 37
1C. Subsequently cells were
harvested and total luminescence of 0.5 106 cells per well in 96-
well plates was measured at 37 1C using a FLUOstar Omega plate
reader (BMG, Offenburg, Germany). (HEPES buffered saline)S/0.1 mM
Ca2þ as a control or (HEPES buffered saline) including 2.0 mM
Ca2þ (final concentration) was automatically injected 5 seconds
after starting the measurement. In intervals of 1 second, total
emission was measured and is given as intracellular calcium signal
against the time in seconds. Luminescence was normalized by
defining the first value (1 second) measured as 100%.
Statistical analysis
Statistical significance was assessed by comparing mean (±SD)
values using Student’s t-tests for independent groups. Significance
was assumed for Po0.05. Statistical analysis was conducted using
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA).
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